The brain has a high blood flow to meet its high obligatory requirement for glucose as a metabolic fuel. Indeed, glucose requirement and blood flow are directly coupled so that the increased metabolic rate during enhanced functional activity of a particular cortical area is associated with increased blood flow. Here a brief review will be given of the most important methods that can be used for the study of cerebral blood flow in human subjects.
Global methods

Cerebral bloodflow
The first method applicable to man was the arteriovenous oxygen difference method described by Lennox & Gibbs in 1932 111. It is based on the correct assumption that under well defined conditions the brain's oxygen uptake is practically constant. In this case, blood flow is inversely proportional to the arteriovenous 0, difference. Cerebral venous blood is sampled from the superior bulb of the internal jugular vein. Several different sampling techniques have been described. Least traumatic and least uncomfortable is perhaps catheterization via a brachial or femoral vein. The method is still useful as it is the simplest way of assessing global changes in cerebral blood flow (CBF), e.g. to study autoregulation of CBF [2] . Since the oxygen content of the brain is very small, an interval of only about 10 s suffices to obtain the steady state on which the method is based. The ease of making multiple flow estimates is an attractive feature.
Cerebral blood flow and cerebral metabolic rate
The inert gas method of Kety & Schmidt 131 in 1945 constituted a major advance. It is based on Correspondence: Dr Niels A. Lassen, Department of Clinical Physiology, Bispebjerg Hospital, DK-2400 Copenhagen NV, Denmark.
following the rate of saturation or desaturation of brain tissue in samples of inflowing blood (any artery) and outflowing blood (internal jugular vein). The inert tracer gas is supplied via inhalation at a constant concentration. Nitrous oxide was first used 141; later, radioactive inert gases were employed, as described by Lassen & Munck [51 in 1955, who used 85Kr. In the most recently published study nitrous oxide was again used 161. This recent study is remarkable also in two other respects. First, it utilized normal volunteers, hence validating the essentially atraumatic nature of the method (jugular blood was sampled via a catheter passed up from the femoral vein). Second, the study showed that in normal man CBF is almost halved (with constant cerebral metabolic rate: CMRO,) by a small dose of the prostaglandin-synthesis inhibitor indomethacin without causing cerebral effects. This confirms the normal state of 'ample' blood flow, as it is also known from studies during hyperventilation that CBF may be reduced to half its control value measured during normal breathing without adverse effects.
Two-dimensional methods
These methods are based on the use of ).emitting radioisotopes. They provide regional data based on side-views of the brain superimposing many tissue layers. The depth resolution is very poor since it reflects only the higher detector efficiency for the adjacent superficial tissues and the effect of absorption of radiation from deeper structures.
Cerebral bloodflow
In 1955 Conn gave a brief account of the lo3Xe inhalation method [71, later developed by Veall & Mallett [81 and by many others. It is completely atraumatic, being based on a brief inhalation of tracer amounts of the gas admixed with atmospheric air. Intravenous application of Xe increase in CBF. The maps outline the different cortical areas active: the flow increase is a reflection of the increase in oxidative metabolism (ATP production) and thus in overall neuronal activity of the regions involved. The maps show the sensory modality-specific areas in the posterior parts of the brain; the absence of overlapping is taken to suggest that tertiary supra-modal areas are not active in these tests. Also shown are frontal areas that in part are non-specific. The studies were made with 10 min intervals in a neurologically intact human subject. The CBF values were expressed as percentage deviation of CBF from the values obtained in the resting state studied just before the tests were made. dissolved in saline may also be used; this has the advantage of demanding less cooperation from the patient. Uptake of I3.'Xe and wash-out from the brain is followed by a stationary battery of scintillation detectors or by an Anger-type gamma camera (91. In order to obtain a suitably high counting rate, the spatial resolution in the plane of the detector (in the two dimensions) is rather coarse, typically about 4 cm x 4 cm. The depth resolution is poor, as described above. Passage over the midline of radiation from the contralateral hemisphere accounts for some 20% of the observed impulses.
The input function to the brain is followed by sampling end-expiratory air or by a scintillation detector placed over the lung. The 133Xe inhalation method cannot be used to study focal disturbancies of CBF, as in apoplexy, because areas of poor perfusion tend to be overlooked [ 101.
The principle of the intra-arterial radioactive gas injection method was described by Lassen & Ingvar [ l l ] . It is based on labelling the brain directly by a pulse injection into the internal carotid artery. A battery of stationary scintillation detectors is used to record the arrival and wash-out of the radioactive indicator, most often 133Xe. Since only the brain is labelled, the counting rate over the head can be very high without undue radiation exposure. This means that a large number of well-collimated detectors can be used: with a 254 detector instrument the spatial resolution in the plane of the detector is in the order of 1.5cm x 1-5cm 1121. This technique is very sensitive in the detection of hyperaemic areas, as they are revealed in the steep initial slope of the wash-out curve, and an augmentation of regional CBF in the intact human brain during functional activity of discrete areas can be demonstrated in this way. Thus a method for imaging the functional localization of the various cortical areas has emerged (Fig. 1) . The trauma involved in the intra-arterial injections constitutes a major problem. It means that the method is in practice used only in conjunction with diagnostic carotid angiography. The assessment of focal cerebral ischaemia, although not impossible as with the 133Xe inhalation method, is nevertheless difficult as the overlap of tissues within the hemisphere injected and Compton scatter effects cannot be avoided.
Cerebral bloodyow and cerebral metabolic rate
A two-dimensional recording of flow and oxygen uptake was provided by the "0, injection method described by Ter-Pogossian el al. 1131. Regional CBF was measured by intra-carotid injection of H,I5O and with a battery of collimated probes. The regional fractional oxygen extraction was measured in the same areas with 150,-labelled haemoglobin also injected intra-arterially. The complex positron-based technology and the trauma involved has limited the clinical application of this elegant method. One important result may be noted, namely the demonstration by Raichle et al. [141 that movement by the hand is associated with an increase in flow and in oxygen uptake in the contralateral primary sensory-motor hand area. This verifies in man a considerable body of evidence obtained in animal studies, that the altered pattern of CBF in relation to activity does indeed reflect parallel changes in metabolism.
Three-dimendoaal (tomographic) methods
By use of digital computers a three-dimensional imaging principle is available in the form of a stack of cross-sections ( Because the maximal enhancement is small, about 5-8 Hounsfleld units above the initial value of approximately lo00 units, the signal to noise ratio is very unfavourable. Consequently the arrival and wash-out of the indicator is not easy to measure accurately in the series of CT scans. Integration over many pixels is necessary to reduce random statistical errors. Another limitation lies in being able to study CBF in only one or two slices per xenon inhalation. This is a purely technical problem that could be overcome at some cost.
CBF tomography, B
Dual-photon (positron) emission tomography of 77Kr was used to obtain CBF tomograms by Yamamoto et al. 1171. The method is based on a brief inhalation of the radioisotope and the recording of its concentration in a series of tomograms lasting 10 s. CBF IS then calculated for each pixel by the clearance principle, i.e. by estimating the wash-out rate after correction for the non-instantaneous input by a deconvolution procedure. The number of impulses per picture is limited in this form of dynamic emission tomography. Hence the spatial resolution is also relatively poor (of the order of 1.5-2.0 cm in the three dimensions, judging from the published images).
Other methods with ISO-labelled CO, or I3N-labelled NH, have been described for using the positron to measure CBF tomographically. The results are more dimcult to evaluate in quantitative terms (ml min-I 1OOg-I) and detailed description of the problems involved will not be attempted. Their most useful application seems to be in conjunction with tomographic I5O2 uptake gas is inhaled for 1 min and a series of four 1 min tomograms are made, recordings being made from three slices simultaneously. The spatial resolution is 1.7-2.0 cm in the three dimensions.
The calculation of CBF in ml min-I 100 g-I is based in part on the arrival of lo3Xe in the early tomograms and not on the clearance principle alone. This calculation, which can also be applied to the "Kr method described above, permits partial correction for Compton scatter effects.
Cerebral oxygen and glucose uptake
Tomograms of the local rate of oxygen uptake may be obtained by 1502 inhalation. The images are, however, not linear with respect to CMRO,. An important advance was made by Jones et al.
[181 in recognizing that the ratio of I5O2 and C1sO, images would yield maps essentially reflecting the fractional local oxygen extraction, [(A-V)/AlO,. This variable reflects the local utilization of 0,: if it is small then local 0, abundance ('luxury perfusion') exists; if it is large the local 0, is used up ('misery perfusion') [241.
The deoxyglucose (DOG) method constitutes presently the most accurate tomographic method for mapping the brain structures functionally. It is based on the animal method described by Sokoloff [251. The principle makes use of the fact that deoxyglucose is phosphorylated at almost the same rate as glucose, but without being further metabolized. Hence DOG accumulates in the brain at a rate proportional to the glucose uptake and to the measured blood concentration of DOG. In man positron-emitting 'F-labelled DOG is employed. The approach developed by (Fig. 2) . This is a type of neurophysiology which, from the standpoint of localization in man, is intrinsically superior to classical electro-neurophysiology. The success of the lsF-labelled DOG method in the precise localization of areas of focal cortical epilepsy may be mentioned here to document this thesis (281.
Discussion of methods A key clinical problem in the field here surveyed concerns focal ischaemia. Global C B F methods are worthless in this context. Even the twodimensional methods tend to overlook ischaemic areas. This is related to the mode of calculating results with the clearance principle. In this respect tomographic methods are superior. The clearance principle is based on the measurement of the mean transit time, i = volume/flow of the indicator. Thus, if total ischaemia (zero flow) exists in a given tissue, the clearance curve observed over that region will represent indicator transits through tissue elements still perfused, seen by the detector directly or via Compton scatter. The curve obtained over the infarct is, of course, of smaller amplitude. But this feature of the curve is not analysed when the clearance principle is used. Take as an example the logarithmic slope of a curve or its height/area ratio. In both cases the result obtained does not depend on the curve's amplitude. Thus a totally ischaemic area is completely overlooked and a low-flow area tends to become under-represented. This problem can be overcome by using the bolus distribution (indicator fractionation) principle, which takes into account the absolute amount of indicator reaching each area. This principle underlies the autoradiographic method devised for animal studies on the basis of the equations pubbhed by Kety 1151. It states that the absolute amount of indicator in a given area at time t is the convolution integral of the input function and the clearance function. Tomographic methods readily lend themselves to application of Kety's equation. This point was alluded to above when the tomographic CBF methods were discussed. Because of this aspect, that the tomograms show where the indicator goes, these threedimensional methods are intrinsically superior to the two-dimensional ones in assessment of focal ischaemia.
What will come next? Will the positronemission technology with its superior resolution become more widely used despite the formidable obstacles in form of costs and logistics? In the context of clinical usage blood flow is a desirable measurement to make. Hence one could speculate on the use of more soluble positron-emitting inert gases (to increase the counting rate) as proposed by Madsen 
1291.
Undoubtedly many other positron-based molecules will prove of interest. However, for daily clinical use a simpler approach has much to offer. Currently much interest is focused on the single-photon emitting tracers of CBF. '33Xe was mentioned above. But other tracers offer distinct advantages. The higher radiation energy of Iz7Xe should yield a higher resolution. This compound crosses the blood-brain barrier as freely as xenon, but owing to its high affinity for brain tissue its wash-out is much slower. Thus the initial flow-dependent distribution is maintained for a longer time, allowing more impulses and hence higher resolution images to be obtained by single-photon tomography. 
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